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Stemming from the pioneering studies of bioenergetics 
in the 1950s, 1960s, and 1970s, mitochondria have 
become ingrained in the collective psyche of scientists 
as the "powerhouses" of the cell. While this remains a 
worthy moniker, more recent efforts have revealed that 
these organelles are home to a vast array of metabolic and 
signaling processes and possess a proteomic landscape that 
is both highly varied and largely uncharted. As mitochon- 
drial dysfunction is increasingly being implicated in 
a spectrum of human diseases, it is imperative that we 
construct a more complete framework of these organelles 
by systematically defining the functions of their compo- 
nent parts. Powerful new approaches in biochemistry and 
systems biology are helping to fill in the gaps. 



Mitochondria are iconic structures in biochemistry and 
cell biology. Their unmistakable double-membrane ar- 
chitecture rife with tortuous cristae — first revealed to the 
world in detail by the electron micrographs of Palade and 
Sjostrand in the early 1950s (Palade 1953; Sjostrand 
1953) — are recognizable to anyone who has taken a high 
school biology course. That same group could also convey 
the raison d'etre of mitochondria: They are the cellular 
"powerhouses" that burn fuel from the food we eat to 
generate energy. However, while it is certainly still true 
that the 10 million billion mitochondria throughout our 
bodies produce the bulk of the ATP for nearly all of our 
cells (Lane 2006), mitochondrial biology has undergone 
major transformations unforeseen by the bioenergeticists 
who unlocked the mysteries of "oxidative phosphoryla- 
tion" (OxPhos) decades ago. The simplistic concept of 
these organelles as discrete, kidney bean-shaped energy 
factories has given way to that of a cell-specific and 
dynamic organellar network that fuses, divides, and directs 
a vast array of functions central to cellular life, death, 
and differentiation (McBride et al. 2006; Nunnari and 
Suomalainen 2012). Importantly, it has also become clear 
that mitochondrial dysfunction underlies >50 inborn er- 
rors of metabolism (Calvo and Mootha 2010; Koopman 
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et al. 2012); strongly contributes to a growing list of com- 
mon disorders, including type 2 diabetes (Szendroedi et al. 
2012), neurodegenerative diseases (Lin and Beal 2006), and 
cancer (Wallace 2012); and is central to the aging process 
(Balaban et al. 2005; Bratic and Larsson 2013). 

Despite these revelations, there are miles to go to 
achieve a systems-level understanding of mitochondria. 
This is clearly exemplified by recent large-scale efforts to 
define the mitochondrial proteome. These studies have 
revealed the existence of hundreds of mitochondrial pro- 
teins with no known biochemical function while simulta- 
neously providing a framework for resolving long-standing 
mysteries of mitochondrial biology. Here, we recap the 
seminal early discoveries that defined the core functions of 
mitochondria, review the recent systems-level analyses 
that have established the mitochondrial proteome, high- 
light a few recent efforts that have leveraged the proteome 
to systematically elucidate the functions of unannotated 
proteins and pathways in this organelle, and offer a view of 
the challenges facing mitochondrial biochemists in the 
coming decades. 

The early years: mitochondria as the centers of cellular 
respiration 

The concept that organisms "burn" fuel for energy can be 
traced back to Lavoisier, who, in 1 790, described respira- 
tion as being literally ". . .a slow combustion of carbon 
and hydrogen, similar in every way to that which takes 
place in a lamp or lighted candle.. . ." However, it was not 
until 1870 that Eduard Pfluger demonstrated that respi- 
ration took place in cells, and it was not until the early 
1910s — a full century ago — that Kingsbury presciently 
postulated that this process occurs in "mitochondria," 
a term coined by Benda in 1898 to describe the ubiquitous 
cellular structures likely first observed in the 1840s 
(Ernster and Schatz 1981; Lane 2006). 

The demonstration that respiration occurred in cells 
and not in the blood led scientists to search for a "re- 
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spiratory pigment " with hemoglobin-like properties. In 
1925, building on initial observations by Charles MacMunn 
decades earlier, David Keilin identified such pigments and 
dubbed them "cytochromes," a term quite familiar to 
mitochondrial biologists today. This paved the way for 
Keilin, Warburg, Hartree, and others to flesh out the con- 
cept of a "respiratory chain," with dehydrogenases on one 
end and Warburg's oxygen-reducing respiratory enzyme 
(the Atmungsferment) on the other (Mitchell 1979; Ernster 
and Schatz 1981). In 1931, in part for describing the nature 
of the cytochromes, Warburg won the Nobel Prize "for his 
discovery of the nature and mode of action of the respiratory 
enzyme" (Box 1). 

In addition to these seminal advancements in understand- 
ing the nature of cellular respiration, the period between the 
late 1920s and the early 1940s provided significant progress 
in defining other key aspects of aerobic metabolism. ATP 
was discovered by Lohmann in 1929 (Lohmann 1929) and 
shown to be required for muscle contraction by Engelhardt 
a year later. Engelhardt soon proposed ATP generation to be 
the central function of oxygen respiration — an idea 
validated by Kalckar and Lipmann, who later proclaimed 
ATP to be the universal energy currency of life. Not to be 
upstaged, 1937 saw the elucidation of the citric acid cycle by 
Krebs and Johnson (1937), earning them a Nobel Prize in 
1953. However, all of these discoveries occurred before 
mitochondria became a key feature of the story. 



The decade from 1946 to 1956 saw mitochondria come 
into focus — literally and figuratively — as the centers of 
aerobic metabolism. This was catalyzed by the work of 
Claude at the Rockefeller Institute who, in 1946, devised 
the first reliable cellular fractionation procedures using 
differential centrifugation, allowing for the first isolation 
of intact mitochondria (Claude 1946). Using this proce- 
dure, Claude and colleagues (Hogeboom et al. 1946) dem- 
onstrated that succinoxidase and cytochrome oxidase 
were localized exclusively to mitochondria. Kennedy and 
Lehninger (1949) then demonstrated that fatty acid oxida- 
tion and the citric acid cycle also occurred exclusively in 
these organelles and that these processes were linked to 
the synthesis of ATP via NADH. Demonstration of the 
mitochondrial localization of myriad other enzymes 
soon followed, including adenylate kinase, glutamate 
dehydrogenase, transaminases, pyruvate carboxylase, 
nucleoside diphosphokinase, nicotinamide nucleotide 
transhydrogenase, and enzymes involved in the syn- 
thesis of heme, citrulline, and phospholipids (Ernster 
and Schatz 1981). Simultaneously, the pioneering elec- 
tron microscopy of Palade (1953) and Sjostrand (1953) in 
the early 1950s revealed the unique morphology of these 
organelles in striking detail, including the characteristic 
double-membrane structure and the convoluted invagina- 
tions that Palade termed "cristae." Visually and biochemi- 
cally, the foundations of mitochondrial biology were laid. 



Box 1. Notable events in the discovery of mitochondria and their proteomes 



• 1840s — First observations of cellular struc- 
tures that were likely to be mitochondria. 

• 1884 — Charles MacMunn identifies 
a "respiratory pigment 77 that could en- 
able respiration to occur inside cells 
(Keilin 1925). 

• 1890 — Altman recognizes the ubiquitous 
nature of the "bioblasts 77 structures first 
seen in the 1840s. He proposes that they 
are "elementary orgnaisms 77 (Altman 
1890). 

• 1898 — Benda coins the term "mitochon- 
drion 77 (Benda 1898). 

• 1925 — David Keilin (Cambridge) redis- 
covers MacMunn's pigments, further 
characterizes them, and names them 
"cytochromes 77 (Keilin 1925). 

• 1930s — Keilin proposes the idea of a "re- 
spiratory chain. 77 Warburg identifies co- 
enzymes and wins a Nobel Prize for his 
characterization of the "respiratory en- 
zyme 77 (Ernster and Schatz 1981) (Nobel 
Prize 1931). 

• 1937 — Hans Krebs publishes a paper on 
the Krebs cycle (Krebs and Johnson 
1937) (Nobel Prize 1953 with Fritz 
Lipmann). 

• 1946 — Albert Claude works out the first 
differential centrifugation techniques to 
isolate mitochondria and demonstrates 
that succinoxidase and cytochrome oxi- 
dase are mitochondrial (Claude 1946). 



• 1948-1951— Eugene Kennedy Albert 
Lehninger, David Green, and others 
demonstrate that the enzymes of the 
citric acid cycle, fatty acid oxidation, 
and oxidative phosphorylation are 
mitochondria (Ernster and Schatz 
1981). 

• 1949-1956 — Using new isolation pro- 
tocols, various other enzyme systems 
are localized to mitochondria, including 
adenylate kinase, glutamate dehydro- 
genase, transaminases, pyruvate car- 
boxylase, nucleoside diphosphokinase, 
nicotinamide nucleotide transhydroge- 
nase, enzymes involved in the synthesis 
of phorphyrin and heme, citrulline, phos- 
pholipids, and the substrate-level phos- 
phorylation linked to a-ketoglutarate 
oxidation. 

• 1952-1953— First high-resolution im- 
ages of mitochondria are published by 
George Palade and Fritiof Sjostrand 
(Palade 1953; Sjostrand 1953). 

• 1950s, early 1960s — Experiments de- 
scribing the nature of key elements 
of oxidative phosphorylation, includ- 
ing coenzyme Q, nonheme iron, and 
metalloflavoproteins. 

• 1961 — Peter Mitchell publishes his 
chemiosmotic coupling hypothesis (Nobel 
Prize 1978), which was refined, expanded, 
and generalized in 1966 (Mitchell 1979). 



• 1964 — Effraim Racker observes ATP 
synthase particles via microscopy. He 
refers to them as the "elementary 
particles of life 77 or "fundamental par- 
ticles of biology 77 (Lane 2006). 

• 1966 — Identification of anion translo- 
cators. 

• 1970s — Reconstitution of oxidative 
phosphorylation in artificial phospho- 
lipid vesicles and evidence for electron 
transport-linked proton pumps. 

• 1981 — The sequence of the human mi- 
tochondrial genome is determined by 
scientists at the MRC Laboratory of Mo- 
lecular Biology in Cambridge (Anderson 
et al. 1981). 

• 1998 — First mitochondrial proteomics 
study is published. 

• 2003 — Albert Sickmann, Eric Lander/ 
Matthias Mann, and Steven Taylor pub- 
lish papers describing more a compre- 
hensive catalog of the mitochodrial 
proteome (Mootha et al. 2003; Sickmann 
et al. 2003; Means et al. 2011). 

• 2008— Vamsi Mootha, Steven Carr, and 
colleagues publish the MitoCarta com- 
pendium, which is the most complete 
catalog of mitochondrial proteins to 
date (Pagliarini et al. 2008). 

• 2013 — Alice Ting and colleagues per- 
form live-cell proteomic mapping of the 
mitochondrial matrix (Rhee et al. 2013). 
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With mitochondria as the newly minted cellular "pow- 
erhouses," mitochondrial biologists became dedicated to 
working out the details of OxPhos. Indeed, the late 1950s 
introduced the concept of respiratory control, the devel- 
opment of sensitive methods to study electron transport, 
the isolation of individual OxPhos complexes, and roles 
for coenzyme Q, nonheme iron, and metalloflavoproteins 
as redox carriers (Ernster and Schatz 1981; Tager et al. 
1983). Despite these advancements, the field was none- 
theless baffled by how the oxidation of substrates could 
be coupled to the synthesis of ATP from ADP and in- 
organic phosphate. Using substrate-level phosphoryla- 
tion as the biochemical model, many of the greatest 
minds in biochemistry spent years fruitlessly searching 
for an elusive (and nonexistent) "high-energy intermedi- 
ate" that could directly link the oxidation and phosphor- 
ylation components of OxPhos (Nicholls and Ferguson 
2002; Scheffler 2008). Peter Mitchell finally solved the 
mystery in 1961 with his radical new theory of "chemi- 
osmotic coupling" (Mitchell 1961). Essentially, Mitchell 
proposed that the energy derived from oxidation of fuels 
was used to pump protons across the inner mitochondrial 
membrane from the matrix to the intermembrane space, 
creating what he called the "proton motive force." His 
theory explained that it was the energy captured from 
those protons returning to the matrix and not energy 
stored in an undefined high-energy covalent chemical 
intermediate that was then used to drive ATP synthesis. 
This Nobel Prize-worthy concept (1978) was so counter 
to the leading theories of the day that the field spurned it 
for the better part of a decade. Nonetheless, following 
seminal experiments by fagendorf (1967) and others dem- 
onstrating that ATP could be synthesized by a proton 
motive force and ATP synthase in the absence of an 
electron transport chain (ETC), the field had largely 
come around to Mitchell's hypothesis (Boyer et al. 1977). 
The golden age of OxPhos had come to a close. 

Mitochondria make a comeback 

The elucidation of the general mechanistic basis of 
OxPhos by the mid-1970s brought mitochondrial biology 
into a new age. Visionary scientists had uncovered most 
of the secrets underlying how this organelle made and 
consumed organic substrates and generated ATP — the 
specifics of which later led to a Nobel Prize for Paul 
Boyer and John Walker in 1997. With these fundamental 
questions largely answered, there was a sense that mito- 
chondria were a tired subject, and interest in this organelle 
steadily decreased over the ensuing two decades (Fig. 1 ). A 
telling anecdote, recapped by Hiltunen et al. (2010), de- 
scribes a young Michael Yaffe — now well known for his 
pioneering work on mitochondrial dynamics — being 
admonished at a Gordon Conference in the 1980s for 
pursuing a subject for which "everything important was 
already known." Undeterred, Yaffe and many others forged 
ahead with important work in areas beyond ATP pro- 
duction and intermediary metabolism. They made key 
discoveries that helped to shape our understanding of 
mitochondrial fission and fusion, inheritance, the ge- 
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*The number of PubMed entries containing "mitochondria" in the title, abstract or as a 
keyword was divided by the total number of PubMed entries for each year from 1951. 
The ratio for 1951 was set to 1. 

Figure 1. The changing tides of mitochondrial research. To 
estimate the relative attention given to mitochondrial biology in 
each year from 1951 to 2012, we divided the number of PubMed 
entries containing "mitochondria" in the title or abstract or as 
a keyword by the total number of PubMed entries. The ratio for 
each year was normalized to that of 1951, which was set to 1. 

netic basis of mitochondrial disease, protein import, and 
OxPhos complex assembly. However, mitochondrial bi- 
ology had to wait until the mid-1990s to return to the 
fore. This renaissance was such that Science magazine 
published a special mitochondria-focused issue in 1998 
introduced by an editorial entitled "Mitochondria Make 
a Comeback" (Kiberstis 1999). 

A principal harbinger of this renaissance was the dis- 
covery of the integral role of mitochondria in the process 
of programmed cell death. Pioneering work from the 
laboratories of Xiaodong Wang, Stan Korsmeyer, Bob 
Horvitz, John Reed, Doug Green, Guido Kroemer, and 
many others unequivocally established that mitochon- 
dria and mitochondrial proteins underlie the commit- 
ment to apoptosis in most situations (Green and Reed 
1998). These studies culminated with the profound dis- 
covery that cytochrome c, an electron carrier operating 
within the OxPhos system, was released from mitochon- 
dria upon apoptopic insult, whereupon it initiated cas- 
pase activation and the execution of apoptosis (Liu et al. 
1996; Li et al. 1997). Anti-apoptotic BCL proteins, origi- 
nally discovered for their oncogenic potential, reside on 
the mitochondrial outer membrane and antagonize the 
proapoptotic function of Bax and Bak to promote cyto- 
chrome c release (Oltvai et al. 1993; Kiefer et al. 1995; 
Kluck et al. 1997; Yang et al. 1997; Shimizu et al. 1999). 
We now know this system to be more complicated, but the 
fundamental observations of the 1990s form the foundation 
for our current understanding of mitochondrial cell death 
pathways. 

Work in the 1990s and early 2000s continued to flesh 
out these processes and solidified the role of mitochon- 
drial dysfunction in many rare and common human 
diseases (Wallace 1999; DiMauro and Schon 2003). While 
the examples above are only a few of many, they un- 
derscore a very surprising development: Mitochondria 
might spend their days as the "powerhouses of the cell" 
but clearly moonlight in an array of other activities. 
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Expanding the powerhouse 

In 1924, commenting on the speculation that mitochon- 
dria house the machinery required for cellular respiration, 
Edmund Cowdry stated, ". . .it is quite obvious that the 
investigation of mitochondria will never achieve the 
usefulness which it deserves as an instrument for advance 
in biology and medicine until we know much more of their 
chemical constitution. . ." (Bechtel 2006). This statement 
proved to be as appropriate in the 1990s as it was in the 
1920s. The expanding roles for mitochondria in cell and 
molecular biology prompted scientists to return to the 
fundamental question first addressed following Claude's 
isolation of these organelles in the late 1940s: What 
proteins reside in mitochondria? Studies spanning the 
decade from 1998 to 2008 provided many new answers 
to that question and, with them, the realization that our 
understanding of mitochondrial form and function is, 
surprisingly, still in its infancy. 

Efforts to systematically define the mitochondrial 
proteome began when Rabilloud et al. (1998) identified 
46 proteins by two-dimensional (2D) gel electrophoresis 
of purified human placental mitochondria. A year later, in 
1999, the MITOP database was established as a central 
location for information on both nuclear- and mitochon- 
dria-encoded genes and their corresponding proteins, 
which included 311 human entries (Scharfe et al. 1999). 
The development of the first mitochondrial localization 
sequence prediction algorithm, TARGETP (Emanuelsson 
et al. 2000), and the use of density gradient purification 
and subfractionation approaches gradually enabled further 
additions to the list of known mitochondrial proteins, 
which then saw a marked increase in 2003. In that year, 
three studies leveraged state-of-the art mass spectrom- 
etry (MS (-based proteomics approaches to nearly double 
the number of known yeast (Sickmann et al. 2003), mouse 
(Mootha et al. 2003), and human (Taylor et al. 2003) mito- 
chondrial proteins. The study by Mootha et al. (2003) also 
revealed that mitochondria differed quite considerably 
between mouse tissues, indicating that these organelles 
are highly customized to serve local cellular physiology 
and helping to set a foundation for understanding the 
nature of the confounding tissue-specific pathophysiol- 
ogy seen in many mitochondrial diseases. 

Despite these great strides in defining the mitochon- 
drial proteome, by 2006, the MITOP database still listed 
only —600 genes that encoded mitochondrial proteins for 
both mice and humans. However, comparisons with yeast 
and Rickettsia piowazekeii — the closest eubacterial rela- 
tive of mammalian mitochondria — and 2D gel electropho- 
resis of purified mitochondria suggested that the full 
complement of mitochondrial proteins would likely be 
closer to 1200-1500 (Andersson al. 1998; Lopez et al. 2000). 
Retrospective analysis of the 2003 MS data revealed that 
one reason for this large disparity was that only the most 
abundant mitochondrial proteins were being detected. 
New MS technology soon fixed this sensitivity issue but 
simultaneously made it difficult to differentiate low-abun- 
dance mitochondrial proteins from contaminating im- 
purities. Individual studies that used microscopy-based 



colocalization of GFP fusion proteins or computational 
approaches that leveraged other non-MS-based data helped 
to sort the wheat from the chaff but still suffered from 
their own significant caveats. 

To date, the most successful efforts to catalog the 
mitochondrial proteome have come from the integration 
of multiple approaches. The most comprehensive mito- 
chondrial protein compendium was completed in 2008 by 
combining literature curation, large-scale GFP micros- 
copy, and the integration of extensive MS proteomics 
data with six other genome-scale data sets of mitochon- 
drial localization using a Bayesian framework (Pagliarini 
et al. 2008). This resource, termed MitoCarta, includes 
1098 mitochondrial protein-encoding genes and their 
expression patterns across 14 mouse tissues. Even with 
this extensive effort, the MitoCarta catalog is estimated 
to be only 85% complete with a 10% false discovery rate 
and does not include many proteins (such as protein kinase 
A [PKA]) that dually localize to mitochondria and other 
cellular compartments. 

Setting aside these significant complexities, the 
MitoCarta compendium dramatically illustrated the de- 
gree to which the mitochondrial proteome was still un- 
explored. Nearly 300 genes — more than one-quarter of the 
inventory — had no association with a gene ontology (GO) 
biological process, suggesting that we have no clear in- 
dication of the encoded proteins 7 functions. As mitochon- 
drial dysfunction continues to be implicated in a broad 
spectrum of human diseases and with modern genomics 
approaches rapidly identifying causative mutations affect- 
ing mitochondrial proteins, the need for elucidating the 
biochemical functions of these proteins is clear. 

New proteins, old functions 

In a 1964 Scientific American article, David Green of the 
University of Wisconsin quipped, 'The mitochondrion is 
often called the powerhouse of the cell. It is a good deal 
more than that.../ 7 (Green 1964). Indeed, as noted above, 
the mitochondrial proteomics efforts revealed that many 
mitochondrial functions — likely much more than Green 
(1964) anticipated — still await discovery. Additionally, these 
efforts prioritized candidate proteins that could fulfill im- 
portant missing biochemical functions. In much the same 
way that scientists spent years searching for the missing 
pieces of OxPhos, many other such "known unknowns" 
plagued mitochondrial biologists for decades. Below, we 
highlight some powerful and creative new approaches 
that leveraged the expanded compendium of mitochon- 
drial proteins to fill in key gaps. 

Complex I (CI) assembly factors 

CI of the ETC couples the oxidation of NADH to the 
pumping of protons into the intermembrane space, mak- 
ing it a key component of Mitchell's chemiosmotic system 
of ATP generation. Genomics and MS-based analyses have 
revealed that human CI includes a staggering —45 sub- 
units assembling into an ~l-MDa complex (Janssen et al. 
2006). Mutations affecting many of these proteins give rise 
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to CI deficiency, which is the most common type of 
respiratory chain disorder. However, nearly half of patients 
who are diagnosed with an isolated CI disorder lack a 
mutation in any of the subunit-encoding genes, suggesting 
that unknown genes that aid in the assembly or activity of 
CI are mutated in the remaining cases. These so-called CI 
assembly factors (CIAFs) have been difficult to identify for 
a variety of reasons: They are typically not part of the 
mature complex, they do not exist in the workhorse model 
organism Saccharomyces cerevisiae because this organ- 
ism lacks CI, and the rare incidence of disorders caused 
by each assembly factor mutation makes classic linkage 
analysis ineffective. 

Three recent efforts have accelerated the identification 
of these missing CIAFs. In each case, the analyses began 
with the assumption that the CIAFs would themselves 
exist within mitochondria and thus would be found within 
the expanded catalog of the mitochondrial proteome. The 
first example used phylogenetic profiling, which attempts 
to identify functionally related proteins via shared evolu- 
tionary history (Fig. 2A). Building on other recent successes 
using this approach to identify the CIAF NDUFA12L 
(Ogilvie et al. 2005), Pagliarini et al. (2008) built a phylo- 
genetic profile of CI subunits across 42 eukaryotic species. 
This analysis revealed that 15 of the murine CI subunits 
evolved from ancestral bacterial subunits that were co- 
ordinately lost at least four times during evolution. Only 
19 of the 1098 proteins in the MitoCarta compendium 
shared the evolutionary pattern of these COPP (complex 
one phylogenetic profile) proteins, making them attrac- 
tive candidates for functional association with CI. In- 
deed, the top COPP candidate, C8orf38, was validated 
as a CIAF, and four others now have established connec- 
tions to CI biogenesis. 

A second effort, by Calvo et al. (2010), combined the 
COPP genes with other prioritized genes from the 
MitoCarta compendium to generate 103 candidate genes 
for human CI deficiency. They then performed high- 
throughput sequencing approaches to sequence all 103 
genes in 103 individuals with CI deficiency of unknown 
origin along with 42 healthy controls. This so-called 
"MitolOK" project revealed that mutations in NUBPL 
and FOXRED1 can cause CI deficiency, making them 
likely CIAFs. A third study, by Heide et al. (2012), leveraged 
MS analyses of intact complexes separated by blue-native 
electrophoresis. This "complexome" analysis showed that 
TMEM126B, an uncharacterized mitochondrial transmem- 
brane protein, was found in a complex with three other 
known CIAFs, forming what the investigators termed the 
mitochondrial CI assembly factor (MCIA) complex. They 
further demonstrated that TMEM126B is required for the 
formation of CI, making it another prime candidate gene 
for mutation in patients with CI deficiency. Of note, 
TMEM126B was not part of the original MitoCarta com- 
pendium, emphasizing the need to identify and annotate 
the missing —15% of the mitochondrial proteome. 

Cardiolipin (CL) biosynthesis 

The newfound ability to isolate mitochondria in the late 
1940s also enabled the analysis of this organelle's lipids 



(Marinetti et al. 1958). Mitochondrial membranes, like all 
other cellular membranes, have their own distinct lipid 
composition. The signature mitochondrial lipid is CL, a 
lipid dimer consisting of two phosphatidyl groups con- 
nected by a glycerol backbone. CL was first isolated in 
1945 (Pangborn 1945) and shown to reside nearly exclu- 
sively in mitochondria in 1968 (Getz et al. 1968), where it 
constitutes —20% of the total lipid mass of the inner 
membrane (IM). CL is important for a range of mitochon- 
drial processes, including fission/fusion, OxPhos complex 
and supercomplex assembly, and cristae structure. 

In eukaryotes, CL is synthesized in mitochondria, 
beginning with phosphatidic acid (PA) derived from the 
endoplasmic reticulum (ER). Once in mitochondria, PA is 
processed into CDP-diacylglycerol (CDP-DAG) and then 
to phosphatidylglycerolphosphate (PGP) by PGP synthase 
(Claypool and Koehler 2012). PGP must then be dephos- 
phorylated before condensing with another CDP-DAG 
molecule via CL synthase to form CL. However, until 
recently, it was not known how PA was delivered to the 
IM, how it was processed into CDP-DAG, or how PGP 
was dephosphorylated. 

Recently, through a combination of rigorous and clever 
methodologies, orphan mitochondrial proteins have been 
assigned to each of these missing functions. To begin, 
new candidates for proteins involved in CL were identi- 
fied through a yeast genetic interaction screen (Fig. 2B). In 
this approach, yeast strains lacking nonessential genes 
are systematically crossed to form a series of double 
knockouts, which are then analyzed for growth pheno- 
types. The missing genes are considered to have a genetic 
interaction when the resulting growth of the double 
knockout is either significantly better (a positive inter- 
action) or significantly worse (a negative interaction) than 
would be expected from the combined effects of the single 
knockouts. A survey of —4600 such strains by Osman et al. 
(2009) identified 35 genes that were essential for growth in 
the absence of prohibitins — proteins that, among other 
functions, are key to maintaining mitochondrial CL and 
phosphatidylethanolamine (PE) levels. Using MS-based 
lipidomics and yeast genetics, the investigators then dem- 
onstrated that one of these genes, GEP4, encoded the 
missing yeast PGP phosphatase (Osman et al. 2010). 
Simultaneously, Zhang et al. (2011) showed that the 
unrelated mitochondrial phosphatase PTPMT1 (Pagliarini 
et al. 2005) performed this same reaction in mice, which 
lack a GEP4 ortholog. 

A second gene from the Osman et al. (2009) screen, 
UPS1, is a member of the conserved PRELI family of 
proteins that localize to the mitochondrial intermem- 
brane space. Through a series of elegant lipidomic and 
lipid transfer assays, the Langer group (Connerth et al. 
2012) revealed that Upsl serves as a lipid transfer protein 
that can shuttle PA between mitochondrial membranes, 
thereby providing a route for this lipid from the ER to the 
CL biosynthetic machinery in the IM and matrix. 
Completing a final piece of the CL biosynthesis puzzle, 
Tamura et al. (2013) showed that Tam41 is the mito- 
chondrial CDP-DAG synthase. Disruption of Tam41 had 
previously been shown to affect early steps in CL 
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A Question: Which proteins are Complex I Assembly Factors (ClAFs)? 
Approach: 



B Question: Which proteins catalyze steps in cardiolipin biosynthesis? 
Approach: 
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Figure 2. Model studies for identifying new functions for mitochondrial proteins. [A) Phylogenetic profiling leverages shared 
evolutionary history to highlight functionally related proteins. Pagliarini et al. (2008) used this approach to identify 19 MitoCarta 
proteins that shared the same evolutionary history as a subset of known CI subunits. These proteins include C8orf38, which harbors 
causative mutations in a CI deficiency. [B] Genetic interaction screens are another powerful way to associate proteins involved in 
shared complexes or pathways. Osman et al. (2009) used this approach to identify genes that, when knocked out on a phbIA 
background, caused a synthetic sick/synthetic lethal phenotype. Multiple such genes were found to be involved in lipid metabolism, 
including GEP4, which catalyzes a key step in CL biosynthesis. The bar graph, adapted by permission from Macmillan Publishers Ltd. 
from Osman et al. (2010) (© 2010), shows the accumulation of PGP, the GEP4 substrate, in gep4A yeast. (C) It has long been known that 
ER and mitochondria are somehow connected, but the proteins that help form these junctions remained elusive. Kornmann et al. (2009) 
identified the first components of the so-called ERMES complex using what they called a synthetic biology screen, in which they 
screened for mutants that could be complemented by a synthetic protein designed to artificially tether the two organelles. From 
Kornmann et al. (2009). Reprinted with permission from AAAS. [D] Perocchi et al. (2010) used an integrative computational strategy 
that included comparative physiology, evolutionary genomics, and mitochondrial proteomics information to prioritize candidates for 
the long-sought-after MCU. Based on decades of literature, the investigators predicted that components of the MCU would be localized 
to the mitochondrial IM, expressed in the majority of mammalian tissues, and have homologs in kinetoplastids but not in S. cerevisiae. 
This study validated MICU1 as a component of the MCU. 



synthesis, but its specific role remained unknown. Using 
careful biochemistry and fractionation techniques, the 
investigators revealed that Cdsl, previously thought to 
serve this function in mitochondria, was found only in 
the ER and that Tam41 directly catalyzes the formation 
of CDP-DAG from PA in the mitochondrial IM. 

The ER-mitochondria encounter structure (ERMES) 
complex 

There has long been an appreciation of the fact that 
mitochondria have some type of intimate relationship 



with the ER. More than five decades ago, electron micro- 
graphs showed physical connections between these two 
organelles (Robertson 1960). This seemingly unfortunate 
fact has also been encountered repeatedly by researchers 
trying (and failing) to purify one of these organelles away 
from the other. An understanding of the molecular nature 
of at least one of the important systems that maintain this 
physical connection came from an artful genetic screen 
(Kornmann et al. 2009). The screen, which the investi- 
gators describe as a " synthetic biology " screen, used yeast 
genetics to identify mutant strains that were unusually 
dependent on an artificial protein that ectopically tethered 
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mitochondria and the ER (Fig. 2C). The foundational logic 
was that mutations that disrupted mitochondria/ER con- 
nections should have severe phenotypic consequences, 
but these might be alleviated by expression of an alterna- 
tive tethering system. This primary screen identified two 
mutations in MDM12, and subsequent follow-up work 
showed that Mdml2 and three other proteins form a 
complex, now named the ERMES complex. The ERMES 
complex, which serves to tether the ER and mitochondria, 
spans the ER membrane and mitochondrial outer mem- 
brane and forms about two to 10 foci per yeast cell 
(Kornmann et al. 2009). 

The discovery of ERMES was of great importance, as, 
for the first time, it brought ER-mitochondrial connec- 
tions into the realm of genetics. It raised a number of 
questions, however, some of which remain unanswered 
these 4 years later. Most importantly, what are the specific 
roles of the ERMES complex, and how do these relate to all 
of the disparate functions that have been proposed for 
ER/mitochondrial connections? The function that fea- 
tured the most prominently in the original description of 
ERMES was that of phospholipid synthesis (Kornmann 
et al. 2009). As described above, the metabolic pathways 
that generate phospholipids are comprised of both ER 
and mitochondrial enzymes, and therefore substrates 
and products must transit between the two organelles 
for efficient phospholipid biosynthesis. Indeed, muta- 
tions disrupting the ERMES complex slowed, but did not 
abrogate, the conversion of phosphatidylserine to phos- 
phatidylcholine, which requires such transitions. This 
hypothesis is particularly attractive, as Mdml2, Mdm34, 
and Mmml all contain an SMP domain, which is predicted 
to adopt a fold similar to the tubular lipid-binding (TULIP) 
domain, which directly binds lipid moieties (Kopec et al. 
2010). The ERMES deletion phenotype does not seem to be 
due to a defect in phosphatidylserine transfer from the ER 
to mitochondria, as this process is unaffected in ERMES 
mutants (Nguyen et al. 2012). This one function appears to 
be the tip of the iceberg, however, as ERMES and its 
components have been implicated in a striking array of 
additional functions (Michel and Kornmann 2012), includ- 
ing as mediators in mitochondrial fission at sites of ER/ 
mitochondrial contact (Friedman et al. 2011; Murley et al. 
2013). 

The calcium uniporter 

It is difficult to overstate the significance of Ca 2+ signaling 
in the regulation of eukaryotic cell biology, as it plays a 
role in almost all aspects of cell function. Rapid, transient, 
and high-amplitude alterations in Ca 2+ concentration are 
critical in hormone release, transcriptional regulation, cell 
death initiation, and many other processes. It has been 
appreciated for decades that mitochondria play a role in 
the cellular system of Ca 2+ handling. Isolated mitochon- 
dria were shown to be capable of specific Ca 2+ uptake in 
the early 1960s (Deluca and Engstrom 1961; Vasington and 
Murphy 1962; Lehninger et al. 1963). The biophysical 
properties of this current were studied in great detail over 
the ensuing decades, and the significance of mitochondrial 



calcium uptake was emphasized in the 1990s when it was 
demonstrated that increased cytoplasmic Ca 2+ leads to 
high-amplitude Ca 2+ accumulation in the mitochondria 
(Rizzuto et al. 1993). This raised the possibility that, in 
addition to Ca 2+ playing important roles within the 
mitochondria, Ca 2+ uptake by mitochondria might also 
serve to buffer changes in the cytosol. Both of these 
roles were subsequently verified: Mitochondrial Ca 2+ 
stimulates respiration and ATP production (McCormack 
et al. 1990; Brini et al. 1999), and mitochondrial Ca 2+ 
uptake reduces the amplitude of Ca 2+ increases in specific 
situations and locations in the cytoplasm (Rizzuto et al. 
2012). 

In spite of the clear significance of this mitochondrial 
Ca 2+ uptake system, named the mitochondrial calcium 
uniporter (MCU), the molecular identify of the transporter 
remained unknown until recently. The Mootha labora- 
tory (Perocchi et al. 2010), via an integrative strategy that 
combined information from comparative physiology, evo- 
lutionary genomics, and the MitoCarta compendium (Fig. 
2D), identified a protein that was required for Ca 2+ uptake 
by mitochondria and that shared many properties with 
a putative component of the MCU. This protein, which 
they named MICU1, is essential for mitochondrial Ca 2+ 
uptake,- however, it was deemed unlikely to be the pore- 
forming subunit of the MCU, as it had at most one 
transmembrane domain. It is now known to be a peripheral 
membrane protein. Building on this discovery and contin- 
ued leveraging of MitoCarta, the Mootha and Rizzuto 
laboratories (Baughman et al. 2011; De Stefani et al. 2011) 
subsequently identified MCU, which both groups showed 
to be the likely pore-forming subunit of the MCU. It 
appears that the search is over for the molecular identity 
of the MCU. As one might expect, this discovery has enabled 
a flurry of activity, as now gene-based tools are available 
for the study of mitochondrial calcium handling. Roles 
for the MCU have already been firmly established in in- 
sulin secretion, neuronal excitation, cell death, and other 
systems (Alam et al. 2012; Mallilankaraman et al. 2012; 
Shutov et al. 2013; Tarasov et al. 2013). 

The mitochondrial pyruvate carrier (MPC) 

The history of the discovery, characterization, and finally 
molecular identification of the MPC is eerily similar to that 
of the MCU. The fate of pyruvate, the product of cytosolic 
glycolysis, is one of the critical metabolic decisions that 
a cell makes. Pyruvate transport into mitochondria, where 
it is oxidized to enable efficient ATP production, is the 
most common fate in the majority of differentiated cells in 
the human body. Surprisingly, the molecular identity of the 
transporter that enables pyruvate to traverse the mitochon- 
drial IM remained unknown until 2012. Prior to this time, 
however, the biochemistry of the MPC was studied ex- 
tensively, and many of the salient features were already 
known. Halestrap and Denton (1974) proved in the mid- 
1970s that pyruvate required a specific transporter to 
transit into the mitochondrial matrix, and they and others 
defined the kinetics, substrate specificity, and even some 
molecular information over the ensuing 35 years. 
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In 2012, two groups (Bricker et al. 2012; Herzig et al. 
2012) simultaneously published reports describing the 
molecular identification of a two-protein complex that is 
either the MPC or an obligate component of it. The entree 
for both groups into this fruitful endeavor came with the 
identification of mitochondrial proteins — including the 
utilization of MitoCarta and work by Da Cruz et al. 
(2003) — for which no function had previously been de- 
scribed in the literature. Due to the high degree of con- 
servation and the power of the model system, both groups 
began investigations into the role of the MPC family using 
the yeast S. cerevisiae. Both groups found that loss of 
either subunit conferred a defect in mitochondrial pyru- 
vate metabolism that was manifested both in defects of 
carbohydrate metabolism and in branched chain amino 
acid and lipoic acid biosynthesis. A series of steady-state 
metabolomics measurements and biochemical assays 
isolated this defect to an impairment of mitochondrial 
pyruvate uptake. Bricker et al. (2012) went on to show that 
loss of the MPC genes also impaired pyruvate metabolism 
in flies and mammalian cells, which led to the discovery of 
human mutations in MP CI that cause severe defects in 
carbohydrate metabolism and premature lethality. Herzig 
et al. (2012) demonstrated that ectopic expression oiMPCl 
and MPC2 was sufficient to enable pyruvate uptake in 
bacteria. 

The true impact of the MPC on human disease remains 
to be determined. Several diseases are characterized by 
decreased pyruvate oxidation, including most cancers and 
heart disease, in addition to classical inborn errors of 
metabolism. It remains to be seen whether loss of MPC 
expression or activity underlies some of the pathology 
associated with these diseases. Additionally, a provocative 
set of studies has been recently published that shows 
that the thiazolidenediones, a billion dollar class of anti- 
diabetic drugs believed to act through the PPAR7 nuclear 
hormone receptor, bind to the MPC and might function 
through modulation of mitochondrial pyruvate metabo- 
lism (Colca et al. 2013; Divakaruni et al. 2013). 

Mitochondrial post-translational modifications (PTMs) 

Another clear trend from the recent proteomics efforts 
is the increase in complexity in the mitochondrial pro- 
teome throughout evolution. For example, only 56% of 
the MitoCarta compendium have direct orthologs in 
S. cerevisiae (Pagliarini et al. 2008). A case in point is CI; as 
noted above, Escherichia coli CI is comprised of 14 subunits, 
whereas yeast CI, when present, has —25, and human CI 
has 45 (Gabaldon et al. 2005; Janssen et al. 2006). For 
certain, many of these hundreds of "new" mitochondrial 
proteins enable new biochemical functions,- however, it is 
also anticipated that many of these proteins will confer 
additional regulatory mechanisms. 

One such class of regulatory mechanisms gaining atten- 
tion among mitochondrial biologists is the use of PTMs, 
such as phosphorylation (Pagliarini and Dixon 2006) and 
acetylation (Anderson and Hirschey 2012), to manipulate 
protein function. The idea that phosphorylation can regu- 
late the activity of mitochondrial proteins dates back to 



1968, when Lester Reed's group (Linn et al. 1969) identified 
the El subunit of the pyruvate dehydrogenase complex 
(PDC) as the first mitochondrial phosphoprotein. Later 
work in the mid-2000s by the Balaban group (Hopper et al. 
2006) and others revealed the presence of many other 
mitochondrial phosphoproteins. More recent efforts have 
extensively cataloged and quantified the phosphopro- 
teome in this organelle (Zhao et al. 2011; Grimsrud et al. 

2012) and have demonstrated the importance of phos- 
phorylation in regulating such mitochondrial processes 
as ketogenesis, protein import (Schmidt et al. 2011), and 
proteolytic processing (Lu et al. 2013). Likewise, lysine 
acetylation has emerged as a prominent mitochondrial 
PTM. More than 2000 unique acetylation sites have now 
been identified, a number of which have been shown to 
participate in the regulation of pathways, including the 
urea cycle, fatty acid oxidation, ketogenesis, and the 
TCA cycle, among others (Kim et al. 2006; Still et al. 

2013) . 

Despite the abundance of these PTMs and their docu- 
mented ability to regulate a number of mitochondrial 
proteins, there is a striking lack of understanding regarding 
the enzymes that manage these modifications. For in- 
stance, the best-characterized mitochondrial kinases 
and phosphatases are those associated with the PDC and 
branched chain ketoacid dehydrogenase (BCKDH) com- 
plex. However, these proteins are physically associated 
with their corresponding enzyme complexes and are not 
believed to regulate the phosphorylation of many other 
mitochondrial substrates. MitoCarta includes five pre- 
dicted atypical protein kinases (ADCK1-5); however, these 
kinases also appear to be related to the choline and 
phosphoinositide kinases (Lagier-Tourenne et al. 2008), 
and there is currently no direct evidence that they possess 
protein phosphorylation activity. PKA is clearly anchored 
to the mitochondrial outer membrane (Means et al. 201 1), 
and the Manfredi group (Acin-Perez et al. 2009) has 
reported the existence of a complete PKA signaling system 
in the mitochondrial matrix,- however, a widespread role 
for the latter system remains to be established. Likewise, 
PINK1, the Parkinson's disease-associated kinase (Valente 
et al. 2004), is clearly involved in regulating mitochondrial 
protein and organellar turnover but has few documented 
substrates. Phosphatases, such as PPTC7 (Martin-Montalvo 
et al. 2013), DUSP18, and DUSP21 (Rardin et al. 2008), 
likely have a wide range of substrates but await further 
characterization. 

For acetylation, there is currently only a single well- 
established, mitochondria-localized protein deacetylase, 
SIRT3, which appears to regulate only a portion of the 
mitochondrial acetylome (Hirschey et al. 2011; Feldman 
et al. 2012,- Hebert et al. 2013). Even more strikingly, 
there remains no known mitochondrial acetyltransferase, 
although recent work from the Sack group (Scott et al. 
2012) suggests that GCN5-L1 is a key player in what may 
be a protein acetyltransferase complex. Two other sirtuins, 
SIRT4 and SIRT5, reside in mitochondria but are now 
known to serve primarily as a demalonylase and desucci- 
nylase, respectively (Laurent et al. 2013; Park et al. 2013). 
These examples, along with a growing list of additional 
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mitochondrial modifications, including ubiquitylation, 
methylation, palmitoylation, carbonylation, etc., reveal 
that much is yet to be determined about the regulation 
of PTMs in this organelle. Many of the techniques de- 
scribed above (Fig. 2) will likely prove fruitful in identify- 
ing orphan mitochondrial proteins involved in these post- 
translational regulatory processes. 

Uncharted territory in a new golden age 

The examples above highlight how a well-curated mito- 
chondrial compendium can help match orphan proteins 
with missing functions,- that is, they can accelerate the 
resolution of the "known unknowns/ 7 However, many 
other seminal discoveries — from Mitchell's chemiosmotic 
coupling to the paradigm-shifting apoptosis observations 
noted above — were quite unexpected. Other such "un- 
known unknowns" include the observations by the Craig 
and Lill groups (Kispal et al. 1999; Schilke et al. 1999) in 
the late 1990s that mitochondria house the protein ma- 
chinery to generate iron sulfur clusters — key cofactors for 
a diverse range of cellular processes. Likewise, a surprising 
recent finding in mitochondrial biology was the identifi- 
cation of a complete type II fatty acid synthase system 
(FAS II) in this organelle (Hiltunen et al. 2010). Unlike 
the typical mammalian FAS I system, which is com- 
prised of a single homodimeric complex and produces 
a single end product (palmitate), the FAS II system consists 
of a series of dissociated and freely diffusible enzymes 
that are capable of generating diverse end products. The 
implications for this pathway in mitochondria are still 
being worked out. 

These discoveries and others too numerous to cover in 
detail here demonstrate that mitochondria are far more 
complex in form and function than anticipated decades 
ago. Moreover, as the known mitochondrial proteome re- 
mains chock-full of uncharacterized proteins and as more 
of the missing —15% are now being identified (Kazak et al. 
2013; Rhee et al. 2013), we can anticipate the coming 
decades to be as rich in new discoveries as the last. 

It is difficult to accurately assess the number of mito- 
chondrial proteins that lack a known function, but we 
estimate that —11 %— 36% of the proteome falls into this 
category (Fig. 3). Many of these proteins are somehow 
connected to proteins of known function but are them- 
selves uncharacterized biochemically. Two prime exam- 
ples are the CIAFs mentioned above and members of the 
coenzyme Q biosynthetic machinery. Although there are 
now at least nine CIAFs identified, little to no biochem- 
ical function has been attributed to any of them (Mimaki 
et al. 2012). Likewise, complementation studies in yeast 
have identified 10 genes (coql-10) involved in Q pro- 
duction, nearly all of which encode proteins that localize 
to mitochondria (Tran and Clarke 2007). Intriguingly, this 
list includes a predicted protein kinase, Coq8 (the ortholog 
of human ADCK3 noted above), which has been shown to 
be essential for proper Q production in both yeast and 
humans, and at least three others (Coq4, Coq9, and CoqlO) 
that likewise have little or no established function. 

Many uncharacterized mitochondrial proteins are now 
known to be mutated in human disease. Another en- 
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Figure 3. Estimating the unannotated mammalian mitochon- 
drial proteome. (A) Collectively, the human MitoCarta catalog 
and the orphan matrix mitochondrial proteins from Rhee et al 
(2013). comprise 1097 proteins. We estimate that ll%-36% of 
these proteins do not have clearly defined functions/biochemical 
activities. [B] The estimates in A were based on three approaches: 
( 1 ) appearance of gene names in the title or abstract of PubMed 
citations, (2) association with an experimental evidence code in 
the GO database, and (3) manual inspection of the literature and 
various additional data sources. (C) Three-hundred-ninety-seven 
genes encoding mitochondrial proteins are associated with a hu- 
man disease in either the GenCards or Online Mendelian In- 
heritance in Man (OMIM) databases. Twenty-nine of these genes 
also encode proteins of unknown function based on our manual 
inspection criteria. 



abling feature of the expanded mitochondrial proteome 
has been the prioritization of candidate disease-related 
genes that could harbor causative mutations. Indeed, state- 
of-the-art high-throughput sequencing technologies are 
rapidly expanding the list of genes encoding mitochondrial 
proteins that are linked to disease in humans (Koopman 
et al. 2012; Vafai and Mootha 2012). Although this repre- 
sents great progress in the field of mitochondrial medicine, 
elucidation of the biochemical functions of these disease- 
related proteins has become a bottleneck in understanding 
mitochondrial pathophysiology. This list of uncharacter- 
ized, disease-related mitochondrial proteins, which is sure 
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to grow in the coming years, represents particularly high- 
priority targets for investigation. 

Finally, there are many proteins that currently have no 
connection to any human disease or known biochemical 
process, offering few clues to their roles in mitochondrial 
biology. As such, moving forward, we must blend targeted 
analyses with approaches that are agnostic to protein 
function. Fortunately, as featured above, the large-scale 
technologies that do and will enable these types of 
scientific approaches are becoming increasingly powerful 
and available. These include nuclear magnetic resonance 
(NMR)- and MS-based protein-protein and protein-me- 
tabolite interaction analyses, genome-scale mapping of 
genetic interactions, phylogenetic profiling and other 
computational approaches, metabolic profiling, and high- 
throughput structural genomics efforts. In the end, how- 
ever, these are tools toward the generation of testable 
hypotheses. As it has been since Lavoisier and through the 
days of Warburg, Krebs, and Mitchell, new insights into 
mitochondrial form and function will also require dedi- 
cated scientists toiling away at the bench with open minds 
as to what they might discover. 

In 1967, in a New England Journal of Medicine article 
entitled simply 'The Mitochondrion/ 7 Tapley et al. (1967) 
stated, "During the past few decades the mitochondrion, 
as a self-contained unit within the cell, has been a mag- 
nificent tool in the hands of biochemists, physiologists 
and anatomists in their attempts to unravel the complex- 
ities of cellular function. It appears that it will continue to 
be." Nearly 50 years later, those words still ring true. 
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Note added in proof 

The Mootha group (Sancak et al. 2013) has recently identified 
a fourth subunit of the MCU — the essential MCU regulator 
(EMRE). 
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